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Available online 20 September 2014AbstractFibre-Reinforced Polymer (FRP) composites have been widely used in civil engineering for the past two decades. This paper
presents an overview of the smart components and structures based on FRP. The basic principles of intelligent structures made of
FRP and Optical fibre sensors are introduced. Some significant up-to-date smart elements used as reinforcing and health monitoring
structures are also described in detail. Moreover, certain applications of smart FRP systems in civil engineering are briefly
mentioned. Smart bars based on FRP are found to be very useful and could replace conventional steel. In addition, FRP-OF-OFBG
is one of the most advanced techniques for local and global monitoring. However, interface strain for externally reinforcing systems
requires specific characteristics to overcome debonding effects. Finally, analysis of the problems of existing applications based on
carbon fibre composites are highlighted, followed by a description of some possibilities of new designs of smart FRPs.
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In recent decades, smart structures and components
have been developed as an interesting means to monitor
civil engineering infrastructures [1,2]. Indeed, all struc-
tures and/or parts with an integration of sensors and/or
actuators systems are classified as “Intelligent struc-
tures”. These intelligent structures are able to perform
self-structural health monitoring and/or provide an actu-
ating response without human intervention. Moreover,
the new and existing large infrastructure projects being* Corresponding author.
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deterioration. Thus, smart systems facilitate the perfor-
mance of Structural Health Monitoring (SHM) tasks,
ranging from the construction phase to the service phase
[3].
Traditional methods using conventional sensors
have been applied to detect the key parameters of
structures in the past few decades. Many sensors
(electrical strain gauge, accelerometer, etc.) have been
installed for the integrity evaluation of bridges, dams,
buildings, and so on [4,5]. However, these techniques
present some limitations for widespread application,
such as durability and high cost. Moreover, due to the
new trends of smart materials, standard transducers
have been replaced by intelligent sensors. Currently,
most detectors are based on smart materials, such as
piezoelectric materials, Shape Memory Alloysniversity, Dalian University of Technology, Kokushikan University.
Fig. 1. Schematic process of the formation of smart components
based on FRP and optical fibre sensors.
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optics [6e8]. Hence, all smart structures to date are
based on the properties of the smart materials used in
the design. In other words, the performance of the
sensors and the quality of the data depend on the ad-
vantages and disadvantages of the materials utilised.
The concept of an intelligent structure is based on
safety and economic improvement concerns, weight
and time savings, sensing, and auto-control. For these
reasons, many attempts of actuating and/or sensing
systems have been introduced by researchers. For
example, a smart aggregate-based active-sensing sys-
tem was introduced to evaluate the severity of damage
to a concrete shear wall; using this system, the fragility
of the PZT patch, when directly embedded into con-
crete, could be overcome [9]. Smart self-healing
Reinforced Concrete (RC) beams comprised of super-
elastic SMA and containing fibre optic sensors for
temporary repair cracks were demonstrated in [10].
The self-repair of fissures by embedding SMA wires
into concrete was also developed, but thermal or
electrical actuation is required as an activation [11].
Long-term monitoring of a concrete bridge by using
many types of Fibre Optic (FO) sensors has been
proposed in some reports in the literature. Fibre Bragg
Grating (FBG) sensors bonded at the surface or inte-
grated into concrete with stainless steel or epoxy resin
encapsulation techniques were used in [12]. Moreover,
proof ABS enclosures were used for the Tsing Ma
Bridge to protect the FBG sensors from moisture and
dust [13]. Nevertheless, these methods seem to be
inconvenient for durable health monitoring due to the
fragility of glass fibre, difficulties of sensor installa-
tion, and corrosion effects of certain materials.
Composites of fibre reinforced polymer (FRP), such
as carbon fibre, have been used in aerospace for many
decades for aircraft frame production. These compos-
ites possess good mechanical properties, such as high
tensile stress, high young modulus in the fibre direc-
tion, lightweight, and so on [14]. The applications of
composites in Civil Engineering began in the early
1980s for the rehabilitation and repair of damaged
structures. These composites could also be used as
reinforcing elements for new projects to replace con-
ventional materials, such as steel bars [15]. Further-
more, these composites have been used to package
Fibre Optic sensors with good strain sensitivity similar
to the bare OFBG. Therefore, much research has been
performed to produce smart components based on
FRPs and Fibre Optic sensors. In spite of the efforts
performed to date, further progress is still required for
the successful implementation of smart components fordamage detection, long-term monitoring, high accu-
racy measurements, and so on.
In this paper, the basic principles of smart compo-
nents are presented in detail, followed by a brief
description of some optical fibre sensors. In addition,
some significant existing advances in smart FRP sys-
tems and their applications in civil engineering are
individually described. Finally, a brief discussion of
the challenges facing the current systems and proposals
to address these challenges are established.
Basic principles
Smart components rely on: (1) the sensing princi-
ples of the optical fibre sensors used and (2) the
properties of the FRP for the mechanical perfor-
mances. Fig. 1 illustrates the basic principles of a smart
system based on FRP and Optical Fibre sensors (OFS).
A brief introduction of the commonly used fibre optic
sensors and FRP materials are given below.
Fibre optic sensing
Optical fibre sensors are very promising tools for
sensing due to their potential advantages, such as im-
munity to electromagnetic interference, high sensi-
tivity, high corrosion resistance, being small in size,
non-electrical sensor, and so on [16].
In addition, optical fibre sensors respond to a
change in optical intensity, phase, frequency, polari-
zation, wavelength, or mode when exposed to envi-
ronmental effects [17]. Many types of optical fibre
sensors have been reported in the literature, including
Bragg Grating, distributed sensing (BOTDA, OTDR),
Fabry-Perot Interferometry, Long gauge Grating,
SOFO, and so on. Among them, Fibre Bragg grating
Fig. 2. Principles of the operation of fibre optic sensors. (a) Fiber-Bragg Grating Sensor Principle, (b) Fabry-Perot Sensor Principle, (c)
Distributed Optical Fiber Sensor Principle.
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fibre interferometers have shown great potential for use
in civil engineering applications. The sensing principle
of each of the sensors mentioned above, following by a
brief comparison, are presented in Fig. 2 and Table 1,
respectively.
Fibre reinforced polymer composites
FRP materials are composed of matrix (epoxy resin)
and fibre (Aramid, Carbon, Glass, and Basalt). FRP
materials have high corrosion resistance, good me-
chanical properties that are almost similar to those of
conventional steel along the fibre direction. Various
successful applications were found to replace the
conventional methods of reinforcing, retrofitting, and
repairing [18,19].Table 1
Comparison between some fibre optic sensor types.
Type of
sensors
Type Measurement
type
Resolution Interrogation
technique
FBG QD ε High Wavelength
t
d
FP Point ε High Phase
t
p
BOTDA D ε Low (0.5 m) Frequency
t
Note: D: distributed; QD: quasi-distributed; ε: strain; t: temperature;
d: displacement; p; pressure; BOTDA: Brillouin optical time domain
analysis.Therefore, the mechanical properties of FRP are
obviously strong enough for optical fibre protection
and for obtaining smart reliable sensing component.
Existing smart FRP components and structures
Smart FRP anchorage systems
Anchorage is one of the key components for
structural integrity. In an anchorage system, the axial
stress and interfacial stress developed along the
component must be measured accurately and in real-
time. However, it is quite difficult to evaluate these
stress levels due to difficulties in installing sensors.
Consequently, two (02) types of smart systems could
overcome these problems. One type is the distributed
smart FRP anchor rod, and the second type is the smart
FRP anchorage, based on FBG and OF.
Distributed smart FRP anchor rod
The smart FRP anchor rod is made of a distributed
optical fibre sensor (BOTDA) and FRP. The
manufacturing process is shown in Fig. 3. To monitor
full-scale axial strain, built-in OF sensors are used.
Calibration tests on bare OF, and smart FRP sensors
are performed for a strain sensitivity comparison. By
using the data from [20] and Origin software, strain
sensitivity comparison curves were produced, as shown
in Fig. 4.According to the graph and linear fitting re-
sults, a very small difference (0.002 MHz/mε) was
Fig. 5. Smart FRP anchorage in Ref. [21].
Fig. 3. Schematic of the configuration and fabrication process of the
distributed FRP anchor rod [20].
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the FRP anchor rod. Therefore, we can conclude that
the FRP does not significantly affect the sensitivity of
the optical fibre sensor.
Smart FRP anchorage based on FBG
An anchorage based on FRP-FBG was developed to
accurately measure its axial strain states. Height (08)
FBG sensors were embedded along the FRP rod [21].
The design is shown in Fig. 5. Using data from
Ref. [21], the stressestrain relationship of FRP rod
(Fig. 6) is established. The results reveal a correlation
coefficient of 0.999 and a Young's modulus of
51.85 GPa.
Smart FRP bars
FRP bars were introduced to replace conventional
steel bars for reinforced concrete (RC) structures. For
structural safety improvement, advances on smart FRP
bars were produced in the Harbin Institute Technology
(HIT). Many types of intelligent bars could be found in
various literature reviews. However, the most signifi-
cant types are cited with further details here.Fig. 4. Strain sensitivity comparison between a bare OF and a built-
in OF.Smart Basalt-FRP bars (B-FRP bars)
The system consists of a built-in OFS that is
embedded into a B-FRP during fabrication process by
pultrusion, as depicted in Fig. 3. Moreover, based on
data from [22], the strain sensitivity of a bare OF and a
BFRP are shown in Fig. 7 and 8, respectively. Ac-
cording to the results, a good coefficient correlation
and a slight difference exists between the bare OF
(R2 ¼ 0.99988) and the smart FRP system
(R2 ¼ 0.99986). Hence, the smart bar has a level of
strain sensitivity similar to that of the bare OF. Zhou
et al. [23] also conducted similar studies of smart bars
based on CFRP-OFBG and GFRP-OFBG. The strain
sensing coefficient of CFRP-OFBG and GFRP-OFBG
was determined to be 1.21 pm/mε and 1.19 pm/mε,
respectively. The coefficient of correlation of CFRP-
OFBG and GFRP-OFBG was determined to be
0.9999 and 0.99982, respectively. From these results,
we can confirm that a good linearity is obtained for
every type of FRP composite used.
Smart FRP-OF-FBG bars
Full-scale measurement can be realised by
combining “point sensors” and “distributed sensors”.
The smart FRP bars presented here is a result of a
hybrid distributed OF sensors and FBGs aligned in a
single optical fibre embedded into FRP [24]. The
sensing configuration of the smart bar is described inFig. 6. Stressestrain relationship of the FRP rod.
Fig. 9. Schematic sensing configuration of the BOTDA/R-FBG
system: (a) light switch method and (b) coupler method [24].
Fig. 7. Strain sensitivity of the bare OF.
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and the measurement accuracy. Notice from the results
that a slight decrease of linearity exists between the
bare OF-FBG and the FRP-OF-FBG.
The practical application of smart FRP bars was
mainly for prestress loss monitoring. Smart FRP-
OFBG has been used to monitor losses in prestressed
RC beams [25]; however, these smart FRB bars could
only detect losses at a local point of structure. As an
advanced sensing technique for force losses, smart
FRP-OF-FBG bars allow full-scale measurement along
its length [26]. By using the method described by Zhou
et al. [24], a smart steel strand was applied to replace a
conventional steel strand. The sensing principles of the
smart strand are based on the Brillouin techniques
(frequency shift) and Fibre Bragg grating (wavelength
shift). Therefore, we could obtain both local and global
measurement of force losses (see Fig. 9 for the sensing
configuration). Moreover, a simultaneous measurement
of strain and temperature was demonstrated in [27] by
using one multi-signal optical fibre sensor. The smart
steel strands consist of one FRP bar surrounded by six
(06) steel wires. A series of prestressed RC beam testsFig. 8. Strain sensitivity of the smart BFRP bar.were performed to verify the performance of the smart
steel. A load cell was applied to compare the values
acquired from the intelligent system. The results indi-
cate that the monitored values from the smart steel
strand agree well with those from the load cell, with a
relative variance of less than 8%. Moreover, a slight
relative error of less than 0.25% between the FBG and
the BOTDA sensors is noticed, which indicates a great
cooperating capability.
Smart externally FRP systems
Currently, various forms of infrastructure, especially
bridges, are suffering from deterioration due to material
ageing all over the World. New construction requires a
high investment and is time-consuming. Therefore,
repairing techniques by using FRP composites are suit-
able to minimise the financial burden and save time.
Many systems for strengthening and repairing based on
FRP have been adopted in the literature. However, only
some interesting issues are presented here.
Smart embroidered FRP sheet
FRP sheets are frequently used for column, column-
beam joints and masonry wall strengthening. However,
sudden failures could occur during the lifespan of the
system, thereby leading to serious damage. Thus,
adequate monitoring is required. For this purpose, the
embroidery method could solve the problem of FBG
sensor fixation at a designated position [28]. The em-
broidery smart sheet is obtained from an embroideryTable 2
Linearity (R2) of the sensors [24]
Sensor FBG BOTDA BOTDA-FBG
Bare-OF-FBG 1.0000 0.9992 0.9999
FRP-OF-FBG 0.9995 0.9995 0.9996
Fig. 10. Production of an embroidered smart FRP sheet based on
FBG [28].
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at the carbon fibre, as show in Fig. 10.
Smart NSM CFRP strip
The Near Surface Mounted (NSM) CFRP strip is an
externally strengthening systems. The prestressing
method enables the entire use of tensile strength of the
CFRP strips. However, the brittle properties of the
material could lead to global structural failure.
Consequently, methods for accurate and real-time
monitoring of the prestress forces are needed. Here,
the authors developed surface-bonded OFBG sensors
on CFRP strips for stress monitoring [29]. The
configuration of the smart system is shown in Fig. 11.
For comparison, a strain gauge is also bonded at the
opposite face of the strip. According to the results, it
was concluded that the OFBG sensors integrated into
the NSM CFRP strips could measure the prestress loss
and detect damage during loading process. Further-
more, the strain values determined from the FBG
sensors agree well with those from strain gauges.
Discussion & proposals
Based on the existing smart components cited
above, their advantages and disadvantages areFig. 11. OFBG bonded on the surface of the NSM CFRP strip (smart
NSM CFRP strip) [29].discussed in this section. Hence, the following remarks
and proposals are addressed:
(a) To date, the Smart FRP-OF-FBG sensing principle
is the most convenient technique for global and
local monitoring. Smart bars based on this sensing
technique are promising tools for the health
monitoring of prestressed reinforced concrete
structures. However, further studies are required to
improve the existing methods and to ameliorate the
measurement range of the smart bar to detect
damage until total rupture.
(b) The embedded techniques of OFS into FRP do not
affect the mechanical properties of the systems. In
addition, the fabrication process (pultrusion, wet-
lay-up, hand lay-up, etc.) allows for easy integra-
tion of optical sensors.
(c) Two (02) similar smart anchorage systems were
described. For the system using 8 FBG sensors, a
combined OF-FBG in a single optical fibre might
be good solution to reduce the cost of the sensors
and to improve its durability.
(d) The surface-bonded OFBG technique for smart
NSM strips is not reliable for the long-term sur-
vivability of sensors. New issues overcoming these
disadvantages should be adopted.
(e) The embroidery technique is a good means to fix
an FBG at a designed position into an FRP sheet.
However, for a large sheet, the smart system has
high cost due to the number of FBGs embedded.
According to these remarks, FRP based smart
components and structures are still in the development
phase. When used to only detect damage on structures
(prestress loss, strain, etc.), the survivability of the
components is a key issue. For example, Takeda, S.-I
[30] used FBGs to measure the swelling strain and
coefficient of the moisture expansion of CFRP lami-
nates to determine their suitability for practical use. In
addition, FRP materials as protective layers of OFS are
very sensitive to harsh environments. Above the
Transition temperature (Tg), the mechanical perfor-
mance of the epoxy matrix will change, which in turn,
changes all of the properties of the composite.
Moreover, we can design some new components
based on FRP and Optical fibre, considering the
transversal weakness of the FRP.
Conclusion
Advances in smart components and structures based
on FRP were described in detail in this paper. A brief
7Y.W. Sasy Chan, Z. Zhou / Pacific Science Review 16 (2014) 1e7understanding of the system principles was provided.
Among all of the smart sensors, the use of Optical fibre
sensors embedded into FRP is quite compelling. Test
results indicate that the introduction of bare OF does
not affect the properties of the composite materials, nor
does it change the physical shapes of the composite
materials. Some smart FRP components for internal
and external reinforcement were reviewed. The OF-
FBG sensing principle along a single fibre was found
to be very attractive for the simultaneous measurement
of temperature and strain, as well as for prestress loss
monitoring.
According to the remarks provided for each system,
most research studies did not account for the incon-
venient utilisation of the materials when the compo-
nents are used in a very harsh environment.
In spite of the progress, many discoveries and im-
provements are still ongoing in this research area of
smart components and structures, including the design
of new sensors based on FRP and optical fibre to enable
them to be more robust and to endure harsh conditions.
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